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DEPARTMENT OP AGRICULTURE, CEYLON. 


BULLETIN No. 66. 

experimental errors of field 

TRIALS WITH HEVEA, 


ffl ONSlDERABLE sums of money are expended 
annually on agricultural experiments and field 
trials in order to obtain re: able information 
of value to the practical agriculturist. The 
; value of any experiment depends upon the 
confidence which may be placed on the con- 
clusions drawn from that experiment ; that is, its value depends 
upon the probability that similar results will be obtained 
if the experiment is repeated. Plot experiments and field 
trials are affected by so many uncontrollable factors that 
absolute accuracy cannot be expected. By the exercise of 
every possible precaution in planning and carrying out the 
experiment, errors may be reduced, but they cannot be 
entirely eradicated by these means. Some measurement of 
the inevitable error is therefore required, so that its probable 
amount may be determined, thereby ensuring that any 
conclusions drawn from the experiment are not vitiated 
by it, 

One of the chief sources of error in field experiments is the 
natural variability of the crop. Plants are living organisms 
with inherent tendencies to vary, even though their environ- 
mental conditions are identical. Plants growling side by 
ride in uniform soil under similar conditions rarely give 
identical yields. The effect of this factor of irierent 
variability can be reduced by including a large number of 
6 ( 52 ) 22 - 1,200 
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plants in a plot, but it cannot be entirely eliminated. In 
cropping experiments with wheat or mangolds a large number 
of phnts are grown on a small area. For instance, an area, 
one-tenth of an acre, planted with mangolds 27 by 12 inches 
apart would contain about 1,700 plants, and a similar are^ 
of wheat would contain a greater number of plants. On a 
small area such as one-tenth acre the number of plants then 
becomes so large that inherent variability ceases to be a 
factor of great importance. 

When, however, field trials are carried out with trees like 
Hevea, the use of a large number of trees to reduce the error 
due to variability necessitates the use of large areas. This 
introduces another source of error, viz., the variability of 
soil. Since Hevea roots penetrate deeply, it is possible that 
the character of the subsoil as well as that of the surface 
soil may affect the yields. Thus, for Hevea trials uniformity 
of subsoil to considerable depths as well as uniformity of 
soil is required. The fact that uniform surface soil may overlie 
very heterogeneous subsoils renders the selection of large 
uniform areas suitable for Hevea field trials a very difficult 
matter. Owing to the difficulty in obtaining large uniform 
areas, it becomes desirable that the experimental plots should 
be as small as possible consistent with accuracy, or that 
some method be devised by which the error due to the 
variability of the soil can be eliminated or measured. 

These two errors, viz., the variability (i) of individual 
trees as regards their yield capacity, and (ii) of the soil 
conditions, constitute the two principal inevitable errors 
to which Hevea trials are subject. It is the object of the 
present paper to show how these errors may be measured 
and reduced to a minimum. 


Vabiability of Hevea YrELos, 

It is well known that individual Hevea trees growing under 
similar conditions vary considerably in the amount of dry 
rubber produced. A good yielder may be growing along^de 
a poor yielder in the same soil. The difference in yield 
capacity must, therefore, be due to some inherent character 
of the tree, and not solely td environmental conditions. 
Published records of the yields of individual trees all show 
that great differences in yield may occur between trefis 
growing under similar conditions. 
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Table 1. 





Qms, 


Gme. 

Gms, 

Gms. 

1136 

1478 

IMI 

mi 

1843 

1987 

2113 

2271 

1278 

1482 

1624 

1704 

1848 

1991 

2125 

2276 

1239 

1486 

1626 

1711 

1849 


BiMtl 

2300 


1487 

1626 

1715 

1882 

2022 

2133 

2328 

1310 

1497 

1635 

1720 

1886 

2028 

2139 

2352 

1317 

1606 

1636 

1742 

1895 

2029 

2147 

2352 

1326 

1607 

1644 

1761 

1903 

K 1 

2156 

2366 

1348 

1622 



19U 


2162 

2380 

1353 

1623 

1650 

1773 

1916 


2167 

2403 

1369 

1531 

1656 

1788 

1921 


2181 

2404 

1370 

1536 

1659 

1793 

1928 


2189 

2436 

1397 

1541 

1659 

1799 

1928 

2079 

2211 

2442 

1398 



■ijrm 

mmm 


2218 

2476 

1421 

1648 



ILLu 


2226 

2496 

1422 

1648 


1805 

1968 


2228 

2538 

1423 

1558 

1682 

1816 

1974 


mMim 

2555 

1436 

1569 

1683 

1822 

1980 


2246 

2614 

1437 

1579 

1694 

1828 

19?2 


2256 

2653 

1457 

1581 

1695 

1833 

1982 

2110 

2269 

2699 

1469 

1586 

1611 

1701 

1840 

1983 

2111 

2270 

3044 


The individual yields of 161 nine-year old Hevea trees 
grown at Peradeniya on apparently uniform soil were recorded 
for the period April, 1921, to January, 1922. Pull details 
concerning the plot werec given in a previous hulletin (5).* 
The total yield from the whole plot was 301066 gms., and 
the average yield per tree 1870 gms. The yield of dry rubber 
of each tree for the period is given in Table 1. Por con- 
venience, these yields are arranged in ascending order, so the 
position in the table is in no way associated with the position 
of the tree in the plot, 

Prom this table it will be seen that the yield per tree varies 
from 1136 gms. to 3044 gms., and that there are approxi- 
mately as many trees with yields greater than the mean as 
there are with yields less than the mean. It will also be 
evident that many trees have yields approximating the 
average, and that a^ the divergence from the average becomes 
grater, the number of trees become smaller. This latter 
point may be better seen in Pig. 1, in which the yields have 
been plotted in the form of a frequency polygon. In plotting 


Reference is made by number to “ Literature Cited,” p. 22. 
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this polygon the yidds were irst grouped into convenient 
classes, viss., 200 gma., and the number of trees in each clasg^ 
i.e., tihe olaas frequency, detenxnned. Tbeee data are dven 
below in Table 2. 


Yield in 
Onuncora. 


1000-1199 

1200-1399 

1400-1699 

ieOO-1799 

1800-1999 

2000-2199 

2200-2399 

2400-2599 

2600-2799 

2800-2999 

3000-3199 


Table 2. 

Class. 

Grammes. 

1100 

1300 

1500 

1700 

1900 

2100 

2300 

2500 

2700 

2900 

3100 


Frequency. 

1 

12 

27 

33 

30 

29 

17 

8 

3 

0 

1 


Thus, there are 12 trees having yields of over 1200 gms. 
and under 1400 gms, ; these are placed in the 1300 gms. 
class, 1300 being the midpoint of that class. Similarly, 
there are 27 trees in the 1600 gms. class, t.e., which have 
yields of over 1400 gms., but under 1600 gms. Along the 
base line of Rg, 1 interns were marked off to represent 
the different classes, and verticals erected to represent the 
number of trees in each class, the length of the vertical being 
proportionate to the number of trees. The tops of the 
verticals were then joined by stra^ht lines. From the 
resulting polygon so formed it will be readily seen that the 
greater number of trees have yields near the average {a 
vertical, M, has been erected to indicate the position of the 
mean or average, 1870 gms.) ; and that the numbers fall 
away birly symmetrically on each side as the diveigence 
from tlie average inoreases. 


In the same figure is given the theoretical “ normal ” curre 
calculated to fit the present observations. Such a curve 
would be obtained if the material were truly homogeneous, if 
there were no systematic error due to bias in sampling, and 
if the number of trees used were suffici^tly large to allow 
the laws of chance to operate normally. It will be seen that 
the frequency polygon constructed feom the actual obser- 
vations agrees very closely with the theoretical normal curve, 
considering the small number of t^ees used. 




7 9 n 13 15 17 19 21 23 25 27 20 31 33 

^lELD IN hundreds or CRAMflES 


1. - I* requoncv polytroii nncl tlicoreticni iioruial curve for yield 
t)f l(>) Hovea rr'<'e!>. 
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Probable Error. 

The average yield of a rubber tree under the conditions of 
this experiment is 1870 gms., and it has been noted that the 
greater number of individual trees from which this mean 
has been obtained have yields approximating this value. 
I'he importance which may be attached to any mean value 
depends upon the range of variation and the extent to which 
the individual observations cluster round the observed mean. 
The more the individual observations cluster round the mean 
iincl the smaller the range of variation, the more important 
becomes the mean value. The extent to which the individual 
observations cluster round the mean may readily be seen in 
a graph such as Pig. 1 ; the more they cluster, the steeper 
becomes the curve ; but if the range of variation is great and 
the dispersal even, the curve becomes flatter. Some measure 
of dispersion is, therefore, required which will conveniently 
express the amount by which any single observation taken 
at random is likely to deviate from the mean value. 

In Fig. 2 the frequency polygon of Fig. 1 has been repeated, 
but the horizontal base line has been divided to represent 
100 gms. classes. The number of trees in each class has been 
represented by dots arranged vertically above the class mark. 
The mean is again represented by a vertical, M, and two 
other verticals, E’ and E”, have been erected equidistant 
from M, such that approximately as many dots lie between 
these two boundaries as lie outside them. To satisfy these 
conditions, E’ and E'’ were erected at 1630 and 2110 gms. 
respectively, i.c., 240 gms. from the mean, so enclosing 79 
dots, while 82 dots lie outside those limits. Thus, approxi- 
mately half the trees have yields between 1630 and 2110 gms., 
and consequently there is an even chance that any individual 
tree selected at random will have a yield falling between 
these limits. Since 1630 and 2U0 gms. are each 240 gms. 
from the mean value (1870 gms.), these limits, together with 
the mean value, may be readily expressed as 1870 i 240 gms. 
By stating the mean yield to bo 1870 ± 240 gms., it is not 
only indicated that the average yield per tree is 1870 gms., 
but also that half the values from which the average has been 
calculated lie within 240 gms. of that average. 

The term i 240 gms. is known as the probable error of 
a single result. It will be evident that the smaller the 
probable error, the more conOdence may be placed in that 
lesult and vice versa. 
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The probable error has been obtained above empirically. 
It may, however, be readily calculated from the following 
formula 


P. E. single result = O' 67.^ (D 

where Sd^ represents the sum’^of the squares of the differences 
of each result from the mean and n is the number of results. 
Applying this formula to the present case, the probable 
error of a single result may be calculated to be 241 ’ 2 gma., 
agreeing very closely with the result obtained empirically. 

As the chances are even, that any single result taken at 
random will not differ from the average by an amount 
greater than the probable error, the chances are also even that 
it will. It is evident, therefore, that the word “probable” 
in the term ** probable error ” is hardly used in its usual 
sense in this connection. The error is not the one most 
probable to occur, but is merely a quantity such that we may 
expect greater or less errors of sampling with about equal 
frequency provided that the frequency distribution is normal. 


Table 3. 


^...Breace from 

Odds agaiusi such 

Mean io tenuB of 

Difference being dne to 

Provable Error. 

Normal Variation. 

1*00 

1 to 1 

1-25 

3 to 2 

1-44 

2toi 

1-71 

3 to I 

1*90 

4 to 1 

2-00 

9 to 2 

2- 06 

5 to 1 

2-60 

10 to 1 

2- 93 

20 to 1 

3-00 

22 to 1 

3-20 

30 to 1 

4-00 

140 to 1 

4*90 

lOOOtol 

5-00 

1350 to 1 

, however, two more vertical lines, 2E’ and 2E’', are drag'll 


in Fig. 2 at distances corresponding to twice the probable 
error, viz,, 480 gms., from the mean, by counting the dots 
between and outside these boundaries, it will be seen that 
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dots are enclosed, leaving only 24 dots outside these bound- 
aries. Thus, the chances are 137 to 24 that any single result 
taken at random will not differ from the mean by an amount 
greater than twice the probable error. Or, by using the 
probable error as calculated from the formula, viz,, 241 ‘ 2 gms., 
the chances against a difference exceeding twice that amount 
may be obtained from Table 1 as follows. Twice the probable 
error is 482 ’ 4 gms. The number of trees with yields ranging 
from 1387 ‘6 gms. (f.e., 1870-482 '4 gms.) to 2352*4 gms. 
(i.e. 1870 + 482*4 gms.) may be seen from Table 1 -to be 136, 
leaving 25 outside those limits. The odds, therefore, are 
roughly 5 to 1 that the difference will not exceed twice the 
probable error. The theoretical odds (12) calculated from 
a normal frequency curve are given in Table 3, from which 
it will be seen that the theoretical odds are 4*5 to 1 against 
a difference exceeding twice the probable error. The same 
table shows that the odds are 22 to 1 against a difference 
exceeding 3 times the probable error. Of 161 results, there- 
fore, only 7 should differ from the mean by more than 3 times 
the probable error. From Table 1 it may be seen that only 
5 trees have yields which differ from the mean (1870 gms.) 
by more than three times the probable error (i.e., 723 ‘6 gms,). 
It is evident, therefore, from the above examples, that the 
odds calculated theoretically fairly represent what actually 
occurs in practice. 


Applicability to Plot Expeiiiments. 

Now if, for the sake of argument, we regard the experi- 
mental area as consisting of 161 plots each containing 1 tree, 
then the chances are even that the yield of any one plot will 
differ from the normal or average yield by 241*2 gms., but 
the chances are 9 to 2 against it differing by more than 482*4 
gms., and 22 to 1 against it differing by more than 723 * 6 gms. 
Supposing that one plot had been used to test the effect of 
a certain treatment, and that plot had given a yield 240 gms. 
better or worse than the average, it is obvious that we could 
not conclude that the difference in yield Was due to the 
treatment applied, for wo have seen that it is probable 
that any single plot would show a difference in yield of that 
magnitude 5 times out of 10, even when it had received no 
diSerential treatment. Similarly, a difference in yield of 
720 gms, from the normal might be obtained once out of 
23 times without the plot having received differential 
treatment. 
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It is still a common practice, when conducting agricultural 
experiments to determine the beneficial value of manurial or 
other treatment, to divide the experimental area into a 
number of equal-sized plots, one of which is tept as a control 
i.e.t receives no treatment, while of the others, one is used to 
test the effect of each treatment experimented with. Any 
differences in yield in the treated plots from the control 
plot are considered to he due directly to the treatment the 
plots have undergone. This presupposes that the control 
plot is an average plot, and that all the plots, had they been 
treated alike, would have given approximately identical 
yields. It has already been shown that if the plots consisted 
of one tree only, the chances are even that any plot selected 
at random as a control plot would have a yield differing from 
the average by more than 241*2 gms. ; and also where the 
plots are treated alike, they give by no means identical yields. 
What is true of a single tree plot is also true to a great extent 
of larger plots. This has been shown by many workers with 
various agricultural products, but one experiment only need 
be mentioned here to show this point. 

Bishop, Grantham, and Knapp (3) selected ten plots of 
Hevea, each of 5 acres. “Great care was taken to find an 
area where the trees were to all appearances the most uniform. 
The land was practically level, and no great differences were 
appirent in soil and drainage.” The trees were all tapped 
and in every way treated alike, and care was taken to eliminate 
any error due to the tapping cooly. Over a period of ten 
months the worst plot gave a yield of 838 * 1 lb. of dry rubber, 
while the best gave 953 * 2 lb., the average yield being 898’ 1 Ib. 
Thus, the worst plot gave a yield 60 lb., or 6*7 per cent., 
less than the average, while the best plot gave a yield 55 lb,, 
or 6*1 per cent, better than the average. Had these plots 
been used to determine the effect of differential treatment 
and one by chance had become the control plot, then the 
difference in yields of 116 lb., or over 12 per cent., would 
have been attributed to the treatment, whereas under the 
conditions of the experiment it occurred without differential 
treatment. 

It is evident, therefore, that experiments carried out on 
large plots, such as 5-acre plots, are liable to errors from the 
same causes as occur with small plots. Since the use of 
large plots does not eliminate the errors due to natural 
variation, it becomes necessary to determine whetlier tin- 
size of the error is reduced as the size of the plot is increased, 
and if so, with what sized plot is the error reduced to a 
minimum. 
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Size op Plot. 

If m regard each of the 161 trees as being a separate plot, 
then it is possible by combining adjacent plots to obtain 
plots of 2, 4, 8, 16, and 32 trees. In Fig. 3 is given a plan 
of the experimental plot, showing how adjacent single trees 
were combined to form 2-tree plots. Each 2-tree plot is 
marked a to h. By combining plots a with the adjacent plots 

c with d, e with /, and gr with h, 4 -tree plots arc obtained. 
Fy combining the plots ab with the adjacent plots cd, 8-tree 
plots a?e obtained ; similarly, efgh form 8-tree plots. By 
combining these 8-tree plots together, 16-trec plots, each 
of which extends across the experimental area, are formed. 
Two adjacent 16-tree plots form a 32 -tree plot. When 
combining plots in this manner, it was evident that one tree 
had to be omitted from the plots, as 160 trees was a more 
convenient number to work with than 161. This tree was 
selected at random, No. 91 being selected and consequently 
omitted when forming 2-tree plots. 


Table 4. 


Size 01 
Plot. 

Extreme Yields 
per Plot. 

Mean 
Yield 
per Plut. 

Probable 

Error, 

Probable Tbeo- 
Error ae a rctical 
Percentage Probable 
of the Mean. Error. 


Oms. 

Gms, 

Oms, 



1 tree . 

. 1136-3044 

. . 1870 . 

. 241 . 

, 12-9 .. 

12*9 

2 trees . 

. 2598-4907 

. . 3743 . 

. 350 . 

. 9' 5 

91 

) trees . 

. 5419-8890 

. , 7487 , 

525 . 

. 7-0 .. 

0-4 

H trees , 

. 12853-17298 

, . 14973 

. . 674 . 

. 4-5 .. 

4'6 

16 trees . 

. 26723-31437 

. . 29947 

. . 981 , 

, 3-3 .. 

3'2 

32 trees . 

. 50300-61680 

. . 59893 

. . 1343 . 

. 2-3 .. 

2*3 


The mean yield and probable error (using formula (I)) were 
then calculated for the 2'treo plots. Similar determinations 
were made for the 4-, 8-, 16- , and 32*tree plots, and the results 
are given in Table 4. The probable eiTors are given in 
grammes, and also expressed as percentages of the mean, 
in which form they can be n\orc readily com pa it'd. It will 
be seen from the table that, as the size of the plot is incrcasai, 
the probable error attaching to the result obtained for a 
single plot diminishes. 

<i(62)22 
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The experimental plot was divided again into 2-, 4-, 8-, Vg, 
and 32 -tree plots, but this time the plots were arranged so 
that the 32-tree plots formed narrow plots extendi^ the 
length of the area, and not across it as before. The mean 
yield and probable errors of the plots arranged in this manner 
are given in Table 5. It will be noticed that the results 
obtained from this arrangement of plots agree very closely 
with those obtained from the first arrangement. 


Table 5. 


SiZ0 of 

Bstreme Yields 

Mean Yield 

Probable 

Probable 
Error tis a 

Plot. 

pet Plot. 

per Plot, 

Error. 

Percentage 





of the Mean, 


Gms. 

Gms. 

Gms. 


1 tree . . 

1136-3044 

1870 

241 

.. 12-9 

2 trees . . 

2598-4970 

3743 

352 

- ■ 9*4 

4 trees . . 

6125-9381 

7487 

477 

.. 6-4 

3 trees , . 

13256-17809 

14973 

749 

■- 5-0 

1 6 trees . . 

27159-32907 

. . 29947 

.. 1039 

.. 3-0 

32 trees . . 

56661-62938 

. . 59893 

.. 1614 

.. 2'T 


If we plot the probable error expressed as a percentage of 
the mean from Table 4 against the size of the plot, as is done 
in Fig. 4, it may be seen that, as the plot increases in size 
the reduction of the probable error is at first rapid, but 
that later the reduction is small. In the same figure is also 
drawn a theoretical curve based purely on statistical grounds 
to show the percentage probable error of successively larger 
plots consisting of a number of trees taken at random, it. 
not neces-sarily adjacent nor forming a regular plot. The 
curve for the experimental results agrees very closely with 
the theoretical curve. It will be noticed that at the IG-trse 
plot the curve has begun to flatten out, and that beyond 
this point it begins to approximate the horizontal. IVom 
this wo may conclude that there is a rapid reduction in the 
probable error as progress is made from a 1-tree to a 16-tree 
plot. By increasing the size of the plot above 16 adjacent 
trees the reduction of the probable error, in comparison with 
the number of extra trees required, is small. It would, 
therefore, appear not profitable to increase the size of the 
plot beyond 16 trees, as any increase in size of the plot 
beyond this amount is not accompanied by any appreciable 
reduction in the probable error. 






( U ) 


Use of the Probable Error m interpreting Results, 

Assuming that the experimental area had been laid out 
in 16-tree plots as in Fig. 3, that one plot had been kept as 
a control, and the others had received difEerential treatment, 
w'hat differences in yield may be expected to occur because 
of the varying yields of the trees, and what differences may 
safely be attributed to the differential treatment ? 

The probable error of a 16'4rce plot was found to be 
3'3 per cent, for this arrangement of the plots (Table 4). 
That is, the chances are even that the yield of the control 
plot will fall within i 3 ' 3 per cent, above or below the true 
mean of plots of that size. Similarly, any other plot, had 
it not received differential treatment, would have given a 
yield of which the chances are even that it would fall within 
the accuracy of i 3 * 3 per cent, of the mean. In comparing 
the yields of these two plots, each of which has a probable 
error of 3 ' 3 per cent., their difference will be liable toa greater 
error. In fact, the probable error of the difference between 
two results is ^2 times the probable error of one result.* 

In this case the probable error of the difference in yields 
between two plots will be \/2 X 3'3 per cent. = 4'6 per 
cent. Therefore, if a plot undergoing differential treatment 
differs in yield from the control by only 4’6 per cent., the 
chances are even that that difference is not due to the differen- 
ial treatment, or, in other words, half the time that difference 
n yield may be due to the treatment and half the time it 
nay be due to casual variation. Consequently we are not 
tssured beyond an even chance that the difference in yield 
s real and due to the differential treatment. So slight an 
issuranoe could not be expected to prompt a planter to change 
lis method of tapping or cultural treatment. If, however, 
i plot gave a yield 13*8 per cent, better than the control, 
i.e., if the difference in yields is 3 times that of its probable 
^rror, wo know from Table 3 that the chances are 22 to 1 
igainst that difference being due to casual variation. If we 
conclude that this difference was due to the treatment, we 
D3ay expect to be correct 22 times out of 23 and wrong once 
out of 23 times. 


* Where two result® have to be compared, each of which has a 
perent probable error, the probable error of their differeace ia obtained 
Irom the formula — 

P- 2. difference = (II), 

Where a is the P. ifi. of one result and b the P. K. of the other, 



( 12 ) 


When basing conclusions on the results of an experiment, 
it must be decided what odds may be accepted as amounting 
to certainty. In making this decision, much will depend 
upon the nature of the experiment. For manurial expert- 
ments odds of 30 to 1 are commonly accepted as amounting 
to certainty, i.e., any difference in yield must be 3 * 2 times as 
great as its probable error {vide Table 3). For some experi- 
ments we may admit smaller odds and for others, depending 
upon the nature of the experiment, greater odds may be 
demanded. Reitz and Smith’s statement (1) concerning 
the significance of probable errors is of interest. “ R the 
difference between two results does not exceed 2 or 3 times 
the probable error, the difference may reasonably be attributed 
to random sampling. If the diSerence between two results 
is as much as 5-10 times the probable error, the probability 
of such differences in random sampling is so small that we are 
justified in saying that the difference is significant. In fact, 
a difference of 10 times its probable error is certainly sign]. 
Scant in so far as there is certainty in human affairs.^* 

If, therefore, experiments arc carried out on 16-tree plots, 
of which the probable error is 3’ 3 per cent, and consequently 
of which the probable error of differences in yield between 
plots is 4' 6 per cent., and if odds of 30 to 1 are demanded 
as amounting to certainty, then any difference in jield to 
be significant must be 3 ‘ 2 times as great as its probable error, 
i . e . , 14 * 7 per cc ut . Any diff ere nee le ss than that amount does 
not give sufficient assurance that it is due to the treatment 
the plot has received, and not to the normal variability of 
yield of the plots. If the experiment had been carried out 
to determine whether a system of manuring which would 
increase the cost of production by 5 per cent, would pay, the 
experiment must show an improved yield of 14' 7 percent, 
before it could safely be concluded that the manuring had 
any effect, and 20 per cent, to justify the conclusion that 
the system of manuring would pay . This is a large difference 
to expect from any experiment, and in many cases it- may 
be necessary to r^uce the probable error so that reliable 
conclusions can be based on much smaller differences. 


Duplication of Plots. 

It will be remembered that by increasing the number of 
trees in a plot the probable error was decreased, but not 
in direct proportion to the increase in the number of trees. 
The probable error of a 14ree plot was found to be 
cent., and that of a 4-tree plot 6*4 per 
Though the plot has been increased in size 4 times, t 
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error has been reduced only by half. Similarly, a 2-tree 
plot has a probable error of 9*4 per cent., whereas a plot 
16 times as large, i.e., a 32-tree plot, has its probable error 
reduced to about one-quarter, viz., 2*7 per cent. {Table 5). 

If, therefore, it is required to increase the reliability of the 
experiment 4 times, i.e., to reduce the probable error to 
oae-quarter, it is necessary to use, not 4 times, but, 16 times 
as many trees. In other words, the reliability of a determi- 
nation increases, not in proportion to the number of trees, 
but in proportion to the square root of the numbers.* 

If, therefore, it is required that the probable error of the 
experiment shall not exceed 1*1 per cent, {i.e., one-third of 
the error given by a 16-tree plot), so that a difference in 
yield of 6 per cent, will give a significant result, 9 times as 
njaay trees, i.e., 144 trees per plot will be necessary. 

Theoretically it is immaterial whether the 144 trees are 
situated together in one plot or are scattered in smaller units, 
say, 9 plots each of 16 trees, over the experimental area. In 
practice, however, it is of great importance. Theoretically 
we assume that the soil conditions over the whole area are 
uniform, and that we are dealing with one variable only, 
viz., the variability in yield of the trees. Two plots, each 
of 144 trees, would occupy nearly 3 acres of ground, and in 
practice it 'would be found weU-nigh impossible to obtain 3 
acres of absolutely uniform soil suitable for the experiment. 
Soils which even to an expert appear uniform are found on 
trial not to be uniform* The lack of uniformity of the soil 
introduces a new error, but it will be shown that by distri- 
buting small equal-sized plots over the experimental area, and 
using alternate plots for the control, the soil error may to 
a great extent be eliminated. Thus, it is better to use 
9 scattered 16-tree plots than one plot of 144 adjacent trees, 
for ia the former case it is more likely that plots will occur 
ou a fair proportion of both high- and low-yielding areas 
than iu the latter case. 

Variation of Soils. 

The literature of variety tests and field experiments 
abounds in illustrations of the fact that it is practically 
iuipossible to secure absolutely uniform tracts of land for 
field trials. The lack of uniformity of the soil, or soil hetero- 
geneity, results in a lack of uniformity of yields of the plants 

* This is expressed by the formula— 

P. E. average of u results = P. E. single result (III). 
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growing on that area. Those growing on the more fertile 
parts may be expected to give greater yields than those 
growing on the less fertile parts. Soil heterogeneity will 
consequently influence the final results, and this influence 
may of itself be greater than that exerted by the one con- 
troUed variable for which the experiment was undertaken. 
Some account must, therefore, be taken of this factor of soil 
heterogeneity, and some precautions to reduce the influence 
of this factor to a minimum, and to ensure that its influence 
upon the numerical results of the experiment will be less 
than that of the factors in crop production which the 
investigation is seeking to compare. 

Harris (7) has proposed a method of measuring the hetero- 
geneity of the soil of a field, and has used bis method to 
analyse the actual yields of test plots selected by agricultural 
experts as being suitable for experiments. The plots were 
selected with great care and thoroughness as being satis- 
factorily uniform. Yet a mathematical analysis of the 
resulting crop from the plots showed that in every field the 
irregularities of the substratum were sufficient to influence, 
and often profoundly, the experimental results. This merely 
illustrates the inadequacy of personal judgment concerning 
the uniformity in crop-producing capacity of fields under 
consideration for experimental work. 

Further, by an analysis of the results of determinations of 
the water content at diSerent levels for the upper 6 feet 
of an experimental field, Harris showed that heterogeneity 
in this respect is least at the surface, and greatest at a depth 
of 4 feet. The surface layer of soil might, therefore, be 
apparently uniform as regards water content, while the 
underlying layers might differ greatly from one part of the 
field to another. In other words, an apparently uniform 
soil may overlie a heterogeneous subsoil. 

Similarly, an analysis of the determinations of nitrogen 
and carbon in soil from adjacent borings showed that hetero- 
geneity occurred as regards these characters. There can, 
therefore, be little doubt that the heterogeneity of experi- 
mental fields in their capacity for crop production ia due to 
a lai^e extent to the lack of uniformity of the physical and 
chemical characters of the soil. 

Examination of the published results of plot experiments 
shows that, as a rule, the fertility of the soil changes gradual y 
from one side of a field to the other. This, however, is no 
always the case, for in some fields the soil is obvious y 
patchy, fertile and poor soils occurring in areas irregular y 
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clotted about the field UsuaUy the change from a good 

S"' *»"■ «»■«■* "« 

ii view of the work done by Harris and other workers on 
soil heterogeneity, which has been summarized above 7t^= 
ttot surprising to tod that the soil of the smaU experiLntal 
area under consideration, though to all appea^cervem. 
uniform eAbits heterogeneity when the crop yieWs are 

analysedmthemannerdevisedbyHarris Thehetpre^7„ v 
of the soil as exhibited by the variation in S 
shotm diagrammaticaUy in Fig. g. The plot consisted 
of 12 rows of trees running approximately east to west S 
rows, for convenience, are numbered 1-12, the mw An 
aonthern side being No. 1, and that on the northern side No 12 
The mean yield per tree for each row was determined and'the 
results shown graphicaUy m Fig. 5. It will be seen thto in 
passing from row 1 to row 6 there is a general gradual increase 

mheaverageyieIdpertree,.ndicatingageneralimprovement 

of the soil and other environmental conditions From row fi 
to row 10 there is a general gradual decrease in yield ■ this is 
tollowedbyan inerease to row 12 This roughly indicates tha 
soil conditions for rows 6 and 12 are rather better than those 
for rows 2 and 10, and that in passing across the plot from 
north to south there is a slight variation in the soil 
The theoretical curve of Fig. 4, representing the probable 
error for plots of various sizes, is founded on the assumntion 
that no vanation in soil conditions occurs on the plot Thp 
fact that the actual probable errors for the 16-tree and 32 tree 
plots arranged across the area (Table 4) agrees closely with the 
theoretical results indicates that those plots are uniform iT 
each contains a fair proportion of good and bad soils, so’that 
the effect of soil heterogeneity is eliminated. Plots of similar 
size arranged lengthwise in the field (Table 5) show gr^er 
probable errors, indicating that in these plots there is a slieht 
variation of soil conditions. From this we might conclude 
that the soil vanes in a direction north to south across the 
field, as by arranging plots parallel in this direction rclativelv 
uuiform plots are obtained. This agrees with the conclusion 
arrived at from consideration of Fig, 5. 

'“’•rors for actual plots on this 
*0 any great extent from the theoretical 
not rere heterogeneity occurs, it is 

i s^eTtSr'^- due t; the 

mJuT I ^'^enmental area, mere similar experi- 

Wn wto whfch "" k"®''”' f drspit^the 

ch the sites have been chosen, arc consequently 



( 16 ) 

more heterogeneous as regards soil conditions, the divei^ence 
of the observed probable error of large plots from the 
theoretical is more pronounced. 

Grantham and Knapp (6) used an area of 12 J acres of 
5-year old rubber, planted 120 trees to the acre and tapped 
daily on one-third circumference, for their experiments. All 
the trees were treated alike, and precautions were taken to 
eliminate errors due to tapping coolies, &o. Individual tree 
records were kept, and calculations made as to the probable 
errors occurring when the area was divided into plots ol 
various sizes and shapes. They found that the size of the 
probable error for plots of definite size varied with the shape 
of the plot . Where the long axis of the plot ran north to south, 
the probable error was greater than that of plots of the same 
size where the long axis ran east to west ; and plots vhich 
were square or nearly so gave intermediate probable errors. 
This would indicate a distinct heterogeneity of the soil, th(> 
soil conditions changing in a direction paralled to the plots 
with long axis east and west. 


Table 6, Actual Theoretical 

Pi obal)l e Error. Prohable Errtir 
Per Cent. Per Cent, 

:: :: t':! 

5*tr66 Q* ^ ft* 

25-tree square , ■■ 

50-tree rectangular 10 by 5 0 . ^ 

lOO-tree square - ’• ^.r ' -i-o 

200-tr6e rectangular 8 by 25 • ■ ^ o • - 

lOO-troes 4 scattered lines of 25 trees ^ ^ 

east to west . • ■ * 4 ' . . 

200-trees 8 scattered linos of 26 trees 
east to west .. •• 

In Table ^ are repeated a few of their results. It will be 
noted that the actual probable errors diverge from the theorr- 
tical, and that as the size of the plot f 
becomes ereater. This divergence is attributedhy theanthon. 
Jo “ the introduction of other variants, such as site 
which is the same as is implied m the present paper b 
Variation. When, however four «-«,ered p o s e h 
25 trees are used instead of a single plot of 160 tret sfi 
P oS error is reduced from 5-4 per cent, to the 
one of 4-3 per cent. When 200 trees arc used, <hvM 
into eight scattered plots each of 26 trees, the probabk i J 
becomes 3’6 per cent, instead of 4 6 per cei . , ^ 

Jlot of 200 trees. Evidently, there ore, a smal r P 

error is obtained by duplicating small plots than 1 y ■ . 

same number of trees grouped into one plot. 
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The same fact has been shown by numerous experimenters 
^^orking with other crops. Batchelor <an(l Reed (2) working 
with fruit trees (oranges, lemons, walnuts, and apples) have 
shown that the probable error obtained by using six scattered 
plots each of 4 trees is smaller than that obtained from three 
scattered plots each of 8 trees, which in turn is smaller than 
that obtained from a single plot of 24 adjacent trees. In 
Pig, 6 some of their results are represented graphically. It 
will be seen that there is a reduction in the size of the probable 
error as the number of trees in a plot is increased {cf. Fig. 4). 
The actual curve for adjacent trees, however, does not closely 
fit the theoretical owing to variation in soil conditions over the 
experimental area. Where, however, the plots are made up 
of 8‘tree units, there is a greater reduction of the probable 
error than occurs when the plots consist of adjacent trees ; 
and where they consist of 4-tree units, the reduction is still 
greater, and the probable errors closely approximate the 
theoretical. A large number of unit plots thus gives a more 
typical sample of the area than half as many units with 
twice the number of trees in a unit. As a general rule, there- 
fore the duplication of plots is always advisable, for this is 
the surest way of eliminating errors due to soil heterogeneity. 

Optimum Size or Plot. 

If then, the size of the plots is kept as small as possible, 
it will be evident that the actual size of the unit plot must 
depend to a large extent upon the nature of the experiment 
itself. For instance, if it is required to determine the relative 
merits of tavo systems of tapping, it would be practicable to 
tap alternate trees by one method, and the intervening trees 
by the other. In this way the effect of any variation in the 
fertility of the soil would be eliminated, and we should be sure 
that the probable error of the experiment was reduced to a 
minimum, If, however, the experiment was to test cultural 
methods or the merits of fertilizers, the use of single tree plots 
would bo impracticable. For such trials a plot containing 
about 8 trees Would probably be the smallest practical unit. 

UxiFORmTY OF Probable EitKORs. 

We have seen that the amount of confidence which may be 
phwed in the results of any experiment depends primarily 
upon the probable error of that experiment. It has been 
ascertained that, on the Peradeniya experimental plot, the 
probable error of a single plot of 16 trees is 3 ‘3 per cent. 
Tbe question arises as to whether this value is constant for 

6 ( 52 ) 2 -> 
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all Hevea trials wherever situated. Some light can be 

thrown ottthisquestionby making a comparison of the results 
published by other workers on variation in Hevea yields. 



Table 7. 



Probable 

Number 
oI Trees. 

Average Tield 
per Tree 

Probable Error 
aipgle Besult. 

Error loo. 
tree PLoU. 


Gms. 

Gms. 

Per Cent. Per Cent. 

491 

.. 15-6 .. 

3*9 

. . 25 

. . 2*5 

1011 

.. 712 .. 

3*7 

.. 51 

.. 5-1 

100 

.. 11*26 .. 

1*9 

. . 17 

1‘7 

1063 

. . 1410 . . 

565 -6 

.. 40 

.. 4-0 

^ 1361 



— 

. . 40 

.. 4'0 

161 

1870 .. 

241 

.. 13 

.. 1*3 


Auttac^ty. 


Bobilioff (4) 

Whitby (11) 

Heusser (8) 

La Rue (9) 

Grantham and Ki 
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Peradeniya plot 

In Table 7 ate given some records of the variation in yield 
as reported by other workers. This table shows the number 
of trees used by each investigator in determimng the mean 
yield In most cases the value of the probable error was not 
given the standard deviation being used instead. Where 
this was given, the probable error was calculated for the 
purposes of this table from the formula— 

P. E. single result = ’ (i74.5 X standard deviation .... (IT), 

The probable error is also expressed as a percentage of the 
mean, and the theoretical probable error for a plot of 100 
trees is also given. It must be remembered, however, that 
the theoretical probable error of 100-tree plot is much smaher 
than would be actuaUy obtained in most cases by single plots 
of that size, but would be approximated if the 100 trees are 
scattered over the experimental area as small pints. It will 
be seen that there is no uniformity regarding the size of he 
probable error. The smallest errors were obtained from the 
Peradeniya plot and by Heusser. In both these eases md 
numbers of trees were used for the experiment, but what would 
appear to be more important is the fact that the trees used 
in Lth cases were the off, spring of selected mother ‘rees^ Th 
trees used by La Rue were the same as those used by 
and Knapp, and so an agreement regarding the size of the 
probable error would be expected, ®‘t7p„ing 

Bobilioff, Whitby, and Heusser were obtained 
tests over short periods, and for that reason my 
comparable with those of Grantham and Knapp and of the 

^^Untirfurthw records of tapping tests over long peri^ ® 

avalLble for comparison, we cannot safely 

probable error of a plot of a certain size will have a aenn 







< 19 ) 


value. Tke value of the probable error mil possibly vary 
;vith the parentage of the trees, with their age, and the 
conditions under which they are grown. 

This means that before an experiment is started, information 
must be obtained regarding the size of the probable errors of 
the experimental plots. This is best done by keeping yield 
records of the individual trees of the experimental area, 
^[\ trees being treated and tapped alike. The information 
obtained from the preliminary tapping would be of great value, 
as from these results, not only would the size of the probable 
error be obtained, but also much could be ascertained as to the 
variation in soil fertility, the optimum size of a plot, and the 
best arrangement of the plots to eliminate errors due to the 
heterogeneity of the soil. 

Where the keeping of individual tree records is impracticable, 
the area should be divided up into as small plots as is practi- 
cable and the yields of each individual plot recorded. The 
probable error attached to plots of this size may then be 
ascertained and the number of such plots necessary to give 
the required precision for each trial calculated. 

Length of Tapping Experiments. 

The length of time over which this preliminary tapping 
experiment should extend is about five months. This period 
has been determined from the followng observations. During 
the first month’s tapping of the Peradeniya plot the probable 
error of any one individual tree result was i 26 per cent., 
lie probable error of the yield of any one tree after three 
months’ tapping was i 18 per cent., and after five months’ 
Itippiug i 13 per cent. It 'will be noticed, therefore, that by 
i'xtcmlingthc period of a tapping experiment up to five months 
ii, reduction in the probable error is obtained. An extension 
of time beyond five months has no effect on the probable 
t'rroT, for it has already been seen that after ten months the 
probable error still remained at 13 per cent. 

Grantham and Knapp (6) found a similar reduction of the 
probable error with an increase of the time of tapping. They 
state : “ There is a reduction of probable error by increasing 
the period from three to six months, but beyond that period 
110 reduction.” Maas (10) obtained a similar result from his 
analysis. He sh owed that tb e probabl e error of a plot diminishes 
the periods of observation are incre^ased up to five or six 
Kwnths, and recommends three to six months as sufficient for 
PrJietical purposes. The result obtained from the Peradeniya 
plot, therefore, agrees very closely with those of other investi- 
gators, and it may be taken as established that five or six 
6 ( 52)22 
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months is a sufficiently long tapping period for any preliminary 
experiment to determine the probable error of the plots. 

&nce the probable error of plots is as small after five monlhs’ 
tapping as it is after ten or twelve months’ tapping, it foUoy 3 
that for many experiments no greater accuracy is attainedby 
carrying on tapping tests for periods longer than five or 
months. It will be obvious that five months is not sufficiently 
long for all experiments, for example, for manurial tests witb 
slow-acting fertilizers. The period to which trials should be 
extended must vary with the nature of the experiments, but 
five months should be regarded as the minimum period. 

SUMMAIIY, 

Two of the most important errors to which field trials with 
trees like Hevea are liable are due (i) to the variability of yields 
of individual trees, and (ii) to the variability of soil fertility. 
The errors due to these causes may be so great as to vitiate 
any conclusions drawn from the experiments. 

The errors due to the variability of yields of individual trees 
could be reduced to an iilsignificant quantity by using large 
plots containing many trees, if truly homogeneous so 3 over 
the experimental area could be obtained. 

Unfortunately, absolute uniformity of soil is rare. And, 
moreover, an apparent uniform soil may overlie heterogeueouB 
subsoils. With deep-rooted trees like Hevea, uniformity of 
the subsoil is quite as important as uniformity of the surface 
soil. 

By merely increasing the size of the plot the advantage in 
reducing the error due to variability of individual yield is 
destroyed by the introduction of the second error due to the 
variability of the soil. Consequently an experiment carried 
out on a lai^e area with many trees is not necessarily more 
accurate than a similar experiment on a smaller area with 
fewer trees. 

The error due to lack of uniformity of soil conditions i? 
best eliminated by the use of small duplicate plots. Thus, 
ten plots, each of 10 trees, scattered over the experimental 
area, will give a more reliable result than 100 trees together 
in one block. By using small scattered plots a fairer sample 
of the soil for the whole area is obtained. 

The actual number of trees required for each trial will depend 
mainly upon the degree of accuracy required, the greater the 
accuracy demanded, the larger the number of trees requir(^' 
The degree of accuracy, however, varies, not in proportion te 
the number of trees, but in proportion to the square rootc 
their number. 
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The reliability of any result is measured by means of its 
probable error. An attempt has been made in the foregoing 
pages to give a simple explanation of the meaning and use of 
probable errors. 

At present it is not possible to say that a plot of a certain 
size will consequently have a probable error of a definite 
size. The probable error attached to a plot will depend, not 
only upon the size of the plot, but also on the ancestry of the 
trees, on their age, and possibly on their method of tapping 
and treatment, as Well as on climatic and environmental 
conditions. Until further information is obtained concerning 
the variability of Hevea trees under various conditions, it 
will be necessary to determine the magnitude of the probable 
errors for each experimental area. 

This is best done by keeping yield records of each individual 
tree of the area for a period of five months, each tree being 
treated and tapped similarly. From these records valuable 
information can be obtained concerning not only the size of 
the probable errors of plots of various sizes, but also ag regards 
the optimum size and the best arrangement of the plots to 
eliminate the effect of soil heterogeneity. This information 
can be usefully applied to all subsequent e^eriments. 

Where the keeping of individual tree yield records is im- 
practicable, the area should be divided into as small plots as is 
practicable and the yields of each individual plot recorded, 
from these records the probable error attached to a plot of 
this size can then be calculated, and from this the number 
of plots necessary for each trial in order to give a certain 
precision can be ascertained. 

Only by the use of probable errors can it be decided whether 
small differences in yield sho^va by trials are due to the effect 
of treatment or to inherent differences of the trees. Where the 
differences are great, the use of statistical methods may be 
unnecessary in arriving at a conclusion. But as it is not known 
till the end' of the experiment whether the difference is small 
or great, it is advisable to determine before commencing the 
experiment the probable amount of error to which the experi - 
meat is liable. Some error is inevitable, and without some 
knowledge as to the size of that error, conclusions based 
on an experiment may be unreliable. 

Much that has been written concerning experimentation 
with Hevea fields is equally applicable to other tropical 
crops, such as tea md coconuts. 


October, 1922, 


a H. GADU. 
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